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The incubation of adult mouse skin pieces in a buffered 
salts medium at 37 °C led to a rapid accumulation of 
cyclic adenosine 3',5'-monophosphate (cyclic AMP) in 
the tissue. In mouse skin maximum accumulation oc-
curred after 2 min incubation; levels r everted to near 
control levels after a further 7 min incubation. The in-
crease in cyclic AMP contents of the skin pieces was 
probably not due to the release of materials which acti-
vate adenylate cyclase after binding to cellular recep-
tors. Thus, cyclic AMP accumulation was unaffected by 
the inclusion of a- or fl-adrenergic antagonists, or by the 
pretreatment of adult mouse skin with indomethacin (an 
inhibitor of prostaglandin synthetase). Furthermore, 
adenosine, a known activator of epidermal adenylate 
cyclase, could not be detected in the incubation medium. 
The functional integrity of epidermal adenylate cyclase 
was maintained during the cyclic AMP accumulation in 
response to ischemia. Thus, adenosine, histamine, iso-
proterenol and prostaglandin E2 (PGE2) augmented the 
cyclic AMP response. Cyclic AMP accumulation at 37°C 
was not observed in newborn mouse skin; this lack of 
cyclic AMP accumulation was probably not due to in-
creased activity of low affinity cyclic AMP phosphodi-
esterase in n ewborn mouse skin. 
In several tissues [1-7] including pig [8] and mouse skin [9-
11] basal cycl ic adenosine 3', 5' -monophosphate (cyclic AMP) 
levels have been shown to increase rapidly and transiently 
following their removal from the body. This effect has been 
attribu ted to ischemia (cessation of blood flow) which is inevi-
tably fo llowed by hypoxia (a state of reduced oxygen supply) . 
Despite its crucial implications for studies on cyclic AMP 
metabolism in skin pieces, the physiological significance and 
mechanism of this increase in cyclic AMP levels remain unre-
solved. In the past decade, several mechanisms have been 
proposed for the elevation in cyclic AMP levels. For example, 
the release of unknown neurohormones, oxygen and glucose 
deprivation in the cerebral cortex following decapitation have 
been considered as possible effectors [1]. Similarly, a decline in 
the levels of glycogen and adenosine 5' -triphosphate (ATP) has 
been observed in mouse brain [ 4]. An increase in t he rate of 
glycolysis and a decline in the levels of glycogen, ATP, phos-
phocreatine, glucose and glucose-6-phosphate have been re-
ported in gerbil brain after oxygen deprivation [5]. Recently, a 
rapid decrease in the intracellular cyclic guanosine 3', 5' -mono-
phosphate (cyclic GMP) levels also has been .shown in pig 
epidermis [8] during ischemia. 
In the present study, cycl ic AMP accumulation has been 
characterized further in an attempt to understand its molecular 
basis. Work has been carried out with adult mouse skin as well 
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as newborn mouse skin which has been shown to have a 
decreased response to {3-adrenergic stimulation [9-11]. 
MATERIALS AND METHODS 
Materials 
[8-"H]-cyclic AMP (S.A. 27.5 Ci/mmole) was obtained from t~e 
Radiochemical Centre, Amersham, England.(-) Propranolol was a g1ft 
from the Imperial Chemical Industries, Ltd ., Macclesfield, England; 
phentolamine was from Ciba-Geigy Ltd., Switzerland and indomethacin 
was purchased from the S igma Chemical Co., St. Louis, Missouri, 
U.~. \ 
Methods 
Female Swiss albino mice were used for the study and were housed 
as described before [12]. The procedure for the prepa ration of mouse 
skin pieces used to study the ischemic accumulation of cycl ic AMP has 
been described before [9]. All operations for skin removal fo r the study 
of cyclic AMP changes were carried out in 4 oc roo m before transferring 
the skin pieces in the laboratory for 2 min incuba tion at 37°C. The 
total t ime taken in collecting skin pieces at 4 °C and t ransferring them 
in to buffer at 37°C varied between 2 and 2.5 min. Cycl ic AMP deter-
minations were carried out after column purification of the ac id extracts 
from the skin pieces as described previously [1 2l Cyclic AMP content 
are expressed as pmoles/f!g DNA. Cycl ic AMP phosphod iesterase 
activity was determined in skin extracts from adult and newborn mice 
according to the method of Mark and Raab [13]. 
HESULTS 
Accumulation of Cyclic AMP in Mouse Shin Pieces during 
I schemia 
Intracellular cyclic AMP levels at various times afte r removal 
of adult mouse skin are shown in Table I. The skin pieces were 
incubated in Bullough's medium [14] at 37°C for the indicated 
times and cyclic AMP levels were determined. A rapid accu-
mulation of cyclic AMP in skin pieces from adult mice was 
observed with a maximum of about a 6- fold increase by 2 min, 
foll owed by a decline to near-basal levels by 7 min and main-
tenance of this level th1·oughout fmt her incubation. These 
results indicate that in experiments concerning adenylate cy-
clase responsiveness to various stimulators in adult mouse skin 
in vivo, a preincubation for 10 min is essential to allow cyclic 
AMP levels to stabilize. 
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The "ischemic" rise in cyclic AMP was greatl y reduced if 
skin was used from newborn animals (3-4 days; T able 1). A 
simple explanation for the lack of the pulse of cycl ic AMP in 
newborn mouse skin would be an enhanced cyclic AMP-phos-
phodiesterase activity. Although there was a 1.5-fold higher 
basal level of low affinity phosphodiesterase in newborn mouse 
skin than adult skin , high affinity enzyme activity was un-
changed (Table II) , and increased degradation rates are unlikely 
to account for the total lack of cyclic AMP rise following 
ischemia. Similarly, the lack of cyclic AMP acculumation is not 
due to a leakage of the nucleotide into the medium as no cyclic 
AMP was detected into the medium incubated with ad ult or 
newborn skin pieces. 
Stimulation of cyclic AMP Accumulation in Shin Pieces 
during Ischemia by Adenosine, Histamine, and PGE~ 
Some experiments were carried out to study the receptor-
mediated stimulation of adenylate cyclase during ischemia. In 
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t h e first series of experiments it was shown that a number of 
known activators of this enzyme augmented the ischemic ac-
cumulation of cyclic AMP (Table III). Thus, the incubation of 
adult skin pieces for 2 min at 37 °C resulted in enhanced cyclic 
AMP levels which were increased further by the inclusion of 
a denosine, prostaglandin E~ (PGE~ ) , histamine or isoproterenol 
in the incubation medium. These compounds did not stimulate 
cyclic AMP accumulation in newborn mouse skin. The results 
wit h adult skin pieces indicate that the functional interaction 
between the receptors for adenosine, PGE~, histamine and 
isoproterenol and adenylate cyclase remains intact during the 
ischemic accumulation of cyclic AMP. It is also clear from these 
results that adenylate cyclase was not stimulated maximally 
during the normal ischemic response. 
Effect of a- and {3-adrenergic Blochers on I schemic and 
I soproterenol-stimulated Cyclic AMP Levels 
The (3-aclJ-energic blocker propranolol was able to prevent 
the isoproterenol-induced rise in cyclic AMP level (Table IV) , 
whereas the a-blocker phentolamine had no effect. N either of 
these compounds affected the pulse of cyclic AMP during 
ischemia. In a separate experiment (data not shown) it was 
shown that propranolol had no effect on the ischemic cyclic 
AMP response in the absence of {3-stimulator. These results 
confirm that the stimulation of cr- or {3-receptors is not involved 
in the ischemic accumulation of cyclic AMP. 
TABLE I. Accumula.tion of cyclic AMP in in cubated ~;kin piece::; from 
newborn and adult mice" 
Time of 
incubation 
(min) 
Zero 
2 
5 
7 
10 
Cycli c AMP (pmoles/ftg DNA) 
Newborn 
(3-4 days) 
0.140 ± 0.007 
0.250 ± 0.014 
0.184 ± 0.008 
0.188 ± 0.011 
0.151 ± 0.013 
Adult. 
0.192 ± 0.008 
1.1 73 ± 0.104 
0.254 ± 0.010 
0.195 ± 0.014 
0.190 ± 0.020 
"Skin pieces from newborn and adult mice were incubated at 37°C 
for 2 min in Bullough's salt medium as described previously (9]. Each 
figure represents the mean ± SE of determinations carried out on 6 
skin pieces from 3 animals. 
TABLE II. Basal level of cyclic AMP phosphodiesterase in newborn 
and adult mouse shin" 
Age 
Newborn (3-4 days) 
Adult (-75 days) 
Cyclic AMP )Jhosphodieste rase activity 
pmoles cycl1c AMP/ mm/ mg prote in 
90 ± 3 
110 ±3 
400 flM 
6890 ± 83 
3343 ± 105 
" Skin extracts were prepared from newborn and adul t skin as 
described previously [13] and phosphodiesterase activity was measured 
at 2 p.M and 400 p.M cyclic AMP concentrations. Each value is the mean 
± SE of determinations done on 6 samples from 3 animals. 
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Effect of Prolonged Cold Incubation on Cyclic AMP 
Accumulation in Adult Mouse Shin Pieces during Ischemia. 
When skin pieces were maintained in cold buffer at 4 °C a 
s low elevation and subsequent decrease in cyclic AMP level did 
occur (Table V) . However , skin pieces maintained at 4 °C for 15 
min or more no longer accumulated cyclic AMP during subse-
q\'ent incubation at 37°C. Some response to isoproterenol was 
still observed, indicating that the skin cells were still viable 
~Table V). In a further experiment skin pieces were kept at 4°C 
111 b_uffer containing 1 J..I.M isoproterenol; no accumulation of 
cycl1c AMP was observed (data not shown). It is possible that 
the functional coupling of receptor-cyclase is disrupted at 4 oc 
due to restricted movement of cell surface proteins. 
Adenosine Lea.Jwge into the Medium 
It was proposed further that in response to ischemia, epider-
m~! ATP levels may decline ra pidly resulting in the accumu-
lation of adenosine which then leaks out of t he cells a nd 
externally stimulates adenylate cyclase. A similar event does 
occur in hear~ ischemia [15]. However, experiments from this 
laboratory (Fitzgerald, D.J. personal communica tion) indicate 
that such adenosine accumulation or leakage from the cells 
does ~ot occur. Thu~, material with the chromatographic char-
actenstlcs of adenosme could not be detected in medium incu-
bated with skin pieces. 
Effect of Indomethacin on Accumulation of Cyclic AMP in 
Adult Mouse Shin Pieces during Ischemia 
Prostaglandins synthesized on s ite in response to t issue dam-
age [16] , were 'considered to be possible effectors. However, the 
pulse of cyclic AMP dming isch emia was insensit ive to the 
inclusion of indomethacin in the medium (Table VI) or to the 
pretreatment of skin with indomethacin (Table VII). Thus, it 
IS u~~1kely t~at the response is induced by prostaglandins. In 
addition, while prostaglandins are synthesized following the 
removal of skin, this does not take place until sometime after 
the ischemic response [16]. 
DISCUSSION 
Although in the present study a number of possible effectors 
for the transient accumulation of cyclic AMP in incubated 
mouse skin were explored, the mechanism of t his increase 
remains unexplained. A number of experiments suggest that 
the pulse of cyclic AMP is not due to the release of materials 
which activate adenylate cyclase after binding externally to 
cellular receptors. Thus, cyclic AMP accumulation is unaffected 
by the inclusion of a- or {3-adrenergic blocking agents. Previous 
experiments with pig skin [7] have also indicated t hat ,8-adren-
ergic stimulation is not involved. In addi tion, t he cyclic AMP 
ac~umulation in adult skin pieces during ischemia is insensitive 
to mdomethacin, an inhibitor of prostaglandin synthetase, or to 
the pretreatment of animals with indomethacin. Thus, the 
prostaglandins released after the removal of skin [16] or dming 
2 min incubat ion are unlikely to be involved in the cyclic AMP 
TABLE III. Stimulation of cyclic AA1P by adenosine, histamine and PGEt in incubated shin pieces from adull and n ewborn (3 days) mice" 
Cycl ic AMP (pmolesiftg DNA) 
Treatment 
None 
Adenosine (0.5 mM) 
Histamine (0.2 mM) 
PGE2 (3 !J.M) 
Isoproterenol (10 !J.M) 
Adult 
Basa l levcl 11 
0.202 ± 0.045 
Level after 
incubation (2 min) 
0.700 ± .0.110 
l.850 ± 0.245 
l.40 ± 0.141 
1.40 ± 0.253 
2.00 + 0.270 
Basa l level'' 
0.180 ± 0.041 
N ewborn 
Level nfter 
incubation (2 min ) 
0.248 ± 0.060 
0.328 ± 0.052 
0.324 ± 0.082 
0.316 ± 0.036 
0.330 + 0.037 
"Skin piec~s were incubated at 37~C for 2 min in the ab ence or presence of several agen~s as indicated. Each value represents the mean ± SE 
of determmatwns earned out on 6 skm pieces ti·om 3 animals. 
b Basal levels represent cyclic AMP contents of skin prior to incubation. 
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accumulation. Finally, no evidence was found for the release of 
adenosine, a known activator of epidermal adenylate cyclase 
[15], into the medium. 
Although the pulse of cyclic AMP is probably not mediated 
thl'Ough receptor-cyclase interaction, the integrity of this sys-
tem remains intact during the ischemic response. Thus, addition 
of PGE2 , adenosine, histamine or isoproterenol resulted in an 
additional cyclic AMP accumulation during ischemia. Skin 
pieces maintained at 4-°C showed a slow elevation and subse-
quent decrease in cyclic AMP levels. If cyclic AMP accumula-
tion in these skin pieces at 4 °C occurs via the same mechanism 
which operates at 37°C, then the ischemic rise in cyclic AMP 
levels can be dissociated from the normal receptor-cyclase 
interaction because cyclic AMP accumulation in adult mouse 
skin in response to isoproterenol does not occur at 4 °C, although 
the binding of ,8-agonists takes place at low temperatures [17]. 
It is interesting that skin pieces "aged" for 15 min at 4 °C, no 
longer accumulate cyclic AMP when incubated at 37°C. This 
suggests that a transient pulse of some effector of the adenylate 
cyclase system may occur at 4°C, but this causes only limited 
cyclic AMP accumulation because of decreased enzyme activity 
at the low temperature. 
If receptor-stimulation is not involved in the ischemic accu-
mulation of cyclic AMP, the alternative is to propose changes 
in intracellular modulators of the adenylate cyclase system. 
One possibility worth examination is the redox state of the cell . 
An increased NADH level has been observed in heart muscle 
following ischemia [18], as has an enhanced glyc·olytic rate in 
human epidermis maintained under anaerobic conditions [19]. 
Thus, hypoxia in skin pieces following their removal from the 
body may lead to a transient increase in NADH levels. NADH 
has been shown to be a potent inhibitor of high affinity cyclic 
AMP phosphodiesterase in rat hepatocytes [20] and mouse skin 
(Solanki, V., unpublished data-). Consequently, we propose that 
the modification in the redox state of the cells due to the 
accumulation of NADH following hypoxia may result in the 
TABLE IV. Effect of ex- and {3-adrenergic blochers on ischemic and 
isoproterenol-stimulated cyclic AMP levels in incubated shin pieces 
from adult mice" 
Treatment 
None 
Isoproterenol (10 J.!M) 
Isoproterenol (10 J.IM) + 
propranolol (100 J.IM) 
Isoproterenol (10 J.IM) + 
phentolamine (100 J.IM) 
Cyclic AMP (pmoles/flg DNA) 
Basal level 
0.190 ± 0.042 
Level after 
2 min incubation 
0.876 ± 0.085 
1.990 ± 0.161 
0.871 ± 0.077 
2.054 ± 0.160 
"Skin pieces were incubated in buffered salt medium at 37°C for 2 
min with various agents as indicated in the table. Each value is the 
mean ± SE of determinations carried out on 6 skin pieces from 3 
animals. 
TABLE v 0 Effect of prolonged cold incubation of adult mouse shin 
pieces on ischemic and isoproterenol-stimulated cyclic AMP levels" 
Mainte-
nance 
time 
at 4°C 
(min) 
0 
5 
15 
30 
Cycl ic AMP (pmoles/flg DNA) 
Basal level 
(prior to 2 min 
incubation 
nt37°C) 
Level after 2 min incubation at 37°C 
0.182 ± 0.061 
0.310 ± 0.071 
0.420 ± 0.040 
0.300 ± 0.080 
No addition 
1.020 ± 0.170 
1.210 ± 0.260 
0.400 ± 0.065 
0.230 ± 0.020 
Isoproterenol 
3.120 ± 0.230 
2.033 ± 0.121 
0.730 ± 0.090 
0. 780 ± 0.200 
"After maintaining for various times in 4°C buffered salt medium, 
skin pieces were transferred into warm medium at 37°C for 2 min in 
the absence or presence of 10 J.IM isoproterenol. Each value is the mean 
± SE of determinations done on 6 skin pieces from 3 animals. 
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TABLE VI. Effect of indomethacin on cyclic AMP accumulation in 
adult mouse shin pieces during 2 min incubation at 37°C' 
Treatment 
No addition 
Indomethacin (10 J.IM) 
Cyclic AMP (pmoles/itg DNA) 
Basal level 
0.170 ± 0.020 
Level afte r 
2 min incubat.ion 
1.020 ± 0.150 
1.180 ± 0.120 
"Skin pieces were incubated in the presence or absence of 10 J.IM 
indomethacin al 37°C for 2 min. Each value is the mean ± SE of 
determinations carried out on 6 pieces from 3 animals. 
TABLE VII. Effect of in.dom.ethacin. treatment of mice on cyclic AMP 
accumulation in incubated shin piece.s at 37°C for 2 rnin" 
Treatment 
Acetone 
Indomethacin 
Cycl ic AMP (pmoles/ !'g DNA) 
Basal level 
0.195 ± 0.008 
0.230 ± 0.040 
Level after 
2 rnin incubation 
0.870 ± 0.054 
0.950 ± 0.104 
"Mice were treated with 0.2 ml acetone or 0.2 mg indomethacin/ 
mouse in 0.2 ml acetone by topical applications 4 hr before the experi- , 
ment. Each figw·e is the mean ± SE of determinations carried out on 
6 skin pieces from 3 mice. 
accumulation of cyclic AMP at 37°C. It should also be pointed 
out that at present it is far from clear that redox state is a 
possible regulator of cyclase as adenylate cyclase activity has 
also been shown to be decreased in adipocyte membranes by 1 
NADH [21] and not by NAD. 
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